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OPEN Exogenous ascorbic acid enhances

drought tolerance in Hypericum
perforatum L. by modulating
antioxidant defense and osmotic
adjustment

Fatemeh Asadi’, Nematollah Etemadi?®'*?, Rahim Amirikhah®?,
Mohammad Reza Mosaddeghi®? & Hamed Aalipour®**

Drought stress poses a significant threat to the cultivation of Hypericum perforatum L. (St. John’s
wort), a valuable medicinal plant. While ascorbic acid (AsA) is a known mitigator of abiotic stress, its
protective role and underlying mechanisms in H. perforatum remain unexplored. This study elucidates
the biochemical and physiological basis of exogenous AsA-induced drought tolerance in H. perforatum
subjected to full irrigation (100% FI), moderate (75% Fl), and severe (50% Fl) deficit irrigation. Severe
drought significantly inhibited growth, reducing biomass, chlorophyll content, relative water content,
and leaf area. Foliar application of AsA, particularly at 400 mg L~1, markedly ameliorated these
inhibitory effects. The AsA-mediated mitigation was mechanistically linked to a robust enhancement
of the plant’s antioxidant defense system, evidenced by significantly increased activities of ascorbate
peroxidase, catalase, and superoxide dismutase, alongside elevated levels of endogenous AsA,

total phenolics, and osmolytes (proline and soluble carbohydrates). Consequently, AsA-pretreated
plants exhibited substantially reduced oxidative damage, with lower levels of malondialdehyde

and electrolyte leakage under severe stress. Our findings demonstrate that exogenous AsA fortifies
drought tolerance in H. perforatum primarily by orchestrating a synergistic enhancement of osmotic
adjustment and reactive oxygen species scavenging capacity. This effective and practical strategy
highlights the potential of AsA application to sustain the production of this economically important
species in water-limited environments.
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Global agricultural productivity faces escalating threats from abiotic stresses, with drought representing the
most devastating constraint, responsible for approximately 48% of crop yield losses worldwide!%. This challenge
is intensifying due to climate change, increasing the frequency and severity of water deficit conditions,
particularly in semi-arid and arid regions. Drought stress disrupts plant water homeostasis, triggering osmotic
imbalance that impairs critical physiological processes including photosynthesis, stomatal conductance, and
cellular metabolism®?. A primary consequence of these disruptions is the accelerated generation of reactive
oxygen species (ROS), resulting from impaired electron transport chains and reduced CO, assimilation>®. While
ROS function as signaling molecules at low concentrations, their overaccumulation causes oxidative damage to
proteins, lipids, and nucleic acids, ultimately compromising cellular integrity and plant survival’.

To mitigate oxidative damage, plants have evolved sophisticated antioxidant defense systems comprising
both enzymatic antioxidants such as catalase (CAT), superoxide dismutase (SOD), and ascorbate peroxidase
(APX), and non-enzymatic components including ascorbate, proline, and phenolic®~'°. The capacity to rapidly

activate this integrated antioxidant network represents a crucial determinant of plant drought tolerance!!.
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Recent research has increasingly focused on employing exogenous phytoprotectants to enhance native
defense mechanisms against environmental stresses. Among these, L-ascorbic acid (AsA, vitamin C) represents
a particularly promising candidate due to its dual roles as both a fundamental metabolic regulator and a potent
antioxidant!?-!4, AsA serves as an essential cofactor for numerous enzymes involved in photosynthesis, hormone
biosynthesis, and cell division!>!¢, while simultaneously functioning as a primary substrate for ROS scavenging
through the ascorbate-glutathione cycle!”. Exogenous application of AsA has demonstrated efficacy in enhancing
drought tolerance across various plant species, including pepper'®, safflower!®, and jute?’, primarily through
enhancing antioxidant capacity and osmoprotectant accumulation.

Hypericum perforatum L. (St. John's wort) represents a species of considerable economic importance due to
its pharmaceutical applications, particularly in the treatment of mild to moderate depression?!, and its growing
utilization in cosmetic and food industries??. Despite its agricultural value, the species’ response to drought
stress remains inadequately characterized®*?%, and the potential for enhancing its drought resilience through
AsA application remains completely unexplored. Given the species-specific nature of stress responses and the
variability in efficacy of exogenous protectants'’, species-specific investigations are essential.

We hypothesized that exogenous AsA application would enhance drought tolerance in H. perforatum
through coordinated enhancement of both enzymatic and non-enzymatic antioxidant systems, thereby
reducing oxidative damage and maintaining physiological function under water deficit conditions. This study
aimed to: (1) comprehensively characterize the physiological and biochemical responses of H. perforatum to
progressive drought stress, and (2) elucidate the mechanistic basis of AsA-mediated protection through analysis
of antioxidant capacity, osmolyte accumulation, and oxidative damage markers.

Materials and methods

Experimental conditions and plant materials

Five-leaf stage seedlings (4 weeks after sowing) of H. perforatum L. were sourced from a research field in
Mahmoudabad, Iran (51° 35" 06" E, 32° 47’ 47.8"' N). Each seedling was transplanted into a plastic pot (18 cm
diameter x17 cm height) containing 2.0 kg of a homogenized substrate composed of soil, leaf compost, and
sand in a 1:2:2 volumetric ratio. The substrate was characterized as a loam texture with a gravimetric permanent
wilting point (PWP) of 14% and a field capacity (FC) of 31%. The physical and chemical characteristics of the
substrate are shown in Table 1.

The experiment was conducted between February and June, 2021, in a controlled greenhouse with a clear glass
cover at the Isfahan University of Technology, Iran (51° 39" 40"" E, 32° 38’ 30"’ N; altitude 1600 m). Environmental
conditions were maintained at 22+4 °C, 60+5% relative humidity, under natural light photoperiods and
intensity. No supplemental lighting was used. All plants were maintained under optimal watering and nutritional
conditions for an 8-week establishment period prior to the initiation of experimental treatments. The NPK
fertilizer (20-20-20) was applied as fertigation (1000 mg L!) at third week after transplanting.

The study was arranged in a 3x 3 factorial experiment based on a completely randomized design (CRD)
in four replications with two pots per replication. Eight uniform plants were used per treatment. The two
factors were: (1) Drought Stress: three irrigation regimes—full irrigation (100% of FI, control), moderate deficit
irrigation (75% of FI), and severe deficit irrigation (50% of FI); and (2) Ascorbic Acid (AsA) Treatment: three
concentrations—O0 (control), 200, and 400 mg L1

Ascorbic acid application and drought stress imposition
Prior to drought induction, plants were pretreated with AsA via foliar spray at vegetative growth stage.
Solutions of 200, and 400 mg L~ ! AsA (in deionized water) were applied to runoff twice at 7-day intervals.
These concentrations were selected according to the previous studies!?>. AsA solutions containing 0.1% (v/v)
Tween-20, as a non-ionic surfactant, were prepared freshly in deionized water. The pH of the AsA solution was
adjusted to 5.5 to ensure improved foliar uptake. Control plants (0 mg L~ ! AsA) were sprayed with deionized
water containing 0.1% Tween 20. All AsA solutions were sprayed in the early morning with an average volume
of 3 mL per plant.

Following the second AsA application, the drought stress treatments were initiated. The irrigation volumes
for each treatment were precisely calculated based on soil water properties. The total available water (TAW, cm™)
and the height of TAW (h,,,,, mm) in the pot were calculated as follows2®:

(FC—PWP) p,
100 P
(FC — PWP)

_ _ P
hraw = TAW x D = 00 X x D (2)

TAW = (1)

w

Where PWP is permanent wilting point (g 100 g™*), FC is field capacity (g 100 g™1), p, and p_ are soil bulk
density and water density (g cm™), respectively, and D is the depth of the root zone equal to the soil height in
the pot (mm).

Sand (%) | Silt (%) | Clay (%) | Texture | E.C. (%) | PWP (%) | pH | EC (dSm™)
35.92 43.28 20.8 loam 31 14 7.5 | 1.78

Table 1. Physical and chemical characteristics of the substrate.
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The irrigation threshold for the FI treatment was set at 50% maximum allowable depletion (MAD). The height
of readily available water (hy ,,» mm) and the soil water content at irrigation (Birr, g 100 g™') were calculated as:

hraw = hraw X MAD (3)
0 i = FC — MAD x (FC — PWP) (4)
The calculated hy ,,,, was 7.08 mm (180 ml) per pot for the 100% FI treatment. The moderate (75% FI) and severe

(50% FI) deficit irrigation treatments received 75% and 50% of this volume, respectively. The irrigation schedule
was determined by daily monitoring of pot weight and soil water content using a probe to ensure 8, was reached
before each watering event.

Assessment of growth, biochemical, and physiological parameters

Following the 8-week treatment period, a comprehensive evaluation of growth, biochemical, and physiological
parameters was conducted. For subsequent analyses, freshly collected leaf samples were immediately flash-
frozen in liquid nitrogen and kept at -80 °C.

Morphological characteristics

Atharvest, the shoot length of each plant was measured. Plants were then carefully harvested from their pots, and
the root system was gently rinsed with tap water to clean off adhering substrate. The following morphological
traits were recorded: root length, root volume, and the fresh weight of shoots and roots®”. For dry weight
determination, shoot and root samples were oven-dried at 70 °C for 72 h to a constant weight. Leaf area was
measured on five randomly selected fully expanded leaves per plant using an leaf area meter (Win Area-UT-11,
Iran)?8,

Physiological measurements

Relative water content (RWC) Leaf RWC was determined according to the method of Smart and Bingham
(1974)%. Briefly, fresh weight (FW) was recorded immediately after collecting five young, fully expanded leaves.
The leaves were then floated in distilled water for 4 h at room temperature to achieve full turgor, after which
turgid weight (TW) was calculated. Finally, the leaves were oven-dried at 70 °C for 72 h to determine dry weight
(DW). RWC was calculated using the formula:

FW — DW
RWC = oo % 100 5)

Chlorophyll and cartenoid contents  The contents of chlorophyll a (Chl a), chlorophyll b (Chl ), total chloro-
phyll (Chl T), and total carotenoids were quantified following the spectrophotometric method of Lichtenthaler
and Buschmann (2001)*C. Briefly, 0.1 g of fresh leaf tissue was homogenized in 10 mL of 100% acetone and
centrifuged. The absorbance of the extract was recorded at 644.8, 661.6, and 470 nm using a UV-160 A spectro-
photometer (Shimadzu, Japan). Pigment concentrations were calculated according to the following equations:

Chla = 11.24 (A661.6) — 2.04 (A644.8) (6)
Chlb=20.13 (A644.8) — 4.19 (A661.6) 7)

Chl T(ug/mL) = 17.05 (A661.6) + 18.09 (A644.8) (8)
Ca+c(ug/mL) = (1000 (A470) — 1.90 (Ca) — 63.14 (Cb)) /214 9)

Where Chl T is concentration of total chlorophyll (ug/mL), and Cx + ¢ is the carotenoids concentration (ug/mL).

Chlorophyll fluorescence The maximum quantum efficiency of photosystem II (PSII) was determined as the
Fv/Fm ratio using a portable Plant Efficiency Analyzer (PEA, Hansatech Instruments Ltd., UK). Fully expanded
leaves were dark-adapted for 30 min prior to measurement. The Fv/Fm index was measured between 11:00 and
12:00 a.m. following established protocols.

Oxidative stress indicators

Electrolyte leakage (EL) EL was determined according to Lutts et al. (1996)%2. Leaf discs were submerged in
distilled water and incubated at 25 °C with shaking (100 rpm) for 12 h. Measurement of initial electrical conduc-
tivity (EC,) was performed with a conductivity meter (Model CC-501). This was followed by autoclaving of the
samples at 120 °C for 20 min and subsequent measurement of final conductivity (EC,) upon cooling to ambient
temperature. EL was calculated as:

EC1

EL (%) = (@

) x 100 (10)

Malondialdehyde (MDA) content MDA content, a marker of lipid peroxidation, was quantified via thiobarbi-
turic acid reactive substances (TBARS) assay™. Briefly, 0.1 g leaf tissue was homogenized in 2 mL of 1.5% (w/v)
trichloroacetic acid (TCA) and centrifuged at 15,339 x g for 15 min. Two milliliters of supernatant were mixed
with 2 mL of 20% TCA containing 0.5% (w/v) thiobarbituric acid (TBA). The reaction mixture was incubated
in a boiling water bath for 30 min, rapidly cooled, and centrifuged (7,826 x g, 10 min). Absorbance of the final
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supernatant was measured at 532 nm and 600 nm. MDA concentration was calculated with an extinction coef-
ficient of 155 mM™ cm™.

Osmolytes contents

Proline content Proline was quantified by Bates et al. (1973)3 procedure. A total of 200 mg of fresh leaf sam-
ples was homogenized in 3% sulphosalicylic acid. Subsequently, 2 ml of the supernatant was combined with 2
ml of ninhydrin reagent and 2 ml of glacial acetic acid. The reaction mixture was maintained in a water bath at
100 °C for 1 h. After cooling, the reaction mixtures were extracted with 4 ml of toluene. The absorbance readings
were taken at 520 nm.

Total soluble carbohydrate Total soluble carbohydrate was measured spectrophotometrically using the an-
throne method®. Fresh leaf tissues (200 mg) were homogenized in 10 mL of 80% ethanol. Supernatants were
centrifuged for 15 min at 5000 rpm after being in a water bath at 70 °C for 10 min. Subsequently, a 100 ul of the
supernatant was mixed with anthrone reagent and heated in a water bath at 100 °C for 10 min. The absorbance
of the resulting mixture was recorded at 630 nm using a Spectrophotometer (Shimadzu, Japan).

Non-enzymatic antioxidants

Endogenous ascorbic acid (AsA) content Endogenous AsA content was determined spectrophotometrically
according to Mukherjee and Choudhuri (1983). Fresh leaf tissue (0.5 g) was homogenized in 10 mL of 6%
TCA. The extract (4 mL) was mixed with 2 mL of dinitrophenyl hydrazine reagent (containing one drop of
thiourea solution), incubated in a water bath (100 °C) for 15 min, and cooled to room temperature. Five milli-
liters of 80% H,SO, were added, and absorbance was measured at 530 nm. Quantification was based on an AsA
standard curve.

Total phenolic content (TPC) TPC was determined with the Folin-Ciocalteu assay’’. Fresh leaf tissue (0.1 g)
was homogenized in 5 mL of 80% acetone and centrifuged (10,000 x g, 10 min). A 0.1 mL aliquot of supernatant
was combined with 1 mL of Folin-Ciocalteu reagent and vigorously shaken. After 5 min, 5 mL of 20% sodium
carbonate solution was added, and the final volume was adjusted to 10 mL with distilled water. After 60 min
of incubation, absorbance was read at 750 nm. TPC was expressed as mg of gallic acid equivalents per gram of
fresh weight.

DPPH (2,2-diphenyl-1-picrylhydrazyl) free radical scavenging assay ~ The antioxidant activity of the methanol-
ic plant leaf extracts was evaluated using the DPPH radical scavenging assay>?. Briefly, 100 uL of each the plant
extract was mixed with 3 mL of a 0.1 mM methanolic DPPH solution in test tubes. A control was prepared by
replacing the extract with the same volume (100 pL) of methanol, as a solvent. The mixtures were vortexed thor-
oughly and incubated in the dark at room temperature for 30 min to prevent photodegradation of DPPH. After
incubation, the absorbance was measured at 517 nm using a UV-Vis spectrophotometer (Shimadzu, Japan). The
radical scavenging activity was calculated as a percentage inhibition using the formula:

A control ™ A 1
(A _control — A_sample) y - o0
A control

DPPH scavenging activity (%) = ( (11)

Where A__ . is the absorbance of the DPPH solution with solvent, A is the absorbance of DPPH with

— —sample
extract.

Antioxbidant enzyme assays

Enzyme extracts were prepared by homogenizing 0.1 g leaf tissue in 1 mL of 100 mM potassium phosphate
buffer (pH 7.0) containing 0.5% (v/v) Triton X-100 and 1.0% (w/v) polyvinylpyrrolidone. Homogenates were
centrifuged at 17,608 x g for 15 min at 4 °C, and the supernatant was used for enzyme assays. All enzyme
activities were expressed per mg protein.

Catalase (CAT; EC 1.11.1.6)  CAT activity was assayed according to Aebi (1983)* by monitoring the decompo-
sition of H,0O, at 240 nm (e = 39.4 mM™' cm™"). The reaction mixture contained 100 mM phosphate buffer (pH
7.0), 15 mM H,O, and 50 pL enzyme extract in a total volume of 3 mL.

Ascorbate peroxidase (APX; EC1.11.1.11)  APX activity was determined following Nakano and Asada (1981)*
by measuring the oxidation of ascorbate at 290 nm (e = 2.8 mM™' cm™). The reaction mixture contained 100 mM
phosphate buffer (pH 7.0), 0.5 mM H,0O,, 0.1 mM EDTA, 5 mM ascorbate, and 50 uL enzyme extract.

Superoxide dismutase (SOD; EC 1.15.1.1) SOD activity was assayed according to Giannopolitis and Ries
(1977)* based on the inhibition of photochemical reduction of nitroblue tetrazolium (NBT). The reaction mix-

ture contained 100 mM phosphate buffer (pH 7.8), 75 nM EDTA, 13 mM L-methionine, 50 uM NBT, 0.02 mM
riboflavin, and 50 pL enzyme extract. Tubes were illuminated with fluorescent lamps (5000 Ix) for 15 min, and
absorbance was measured at 560 nm. One unit of SOD activity was defined as the amount of enzyme that caused
50% inhibition of NBT reduction.

Statistical analysis
All data are presented as mean * standard error (SE) of four independent biological replicates (n=4). Data were
subjected to two-way analysis of variance (ANOVA) using SAS software (SAS Institute, 2001) to examine the
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effects of drought stress, AsA treatment, and their interaction. Assumptions of normality (Kolmogorov-Smirnov
or Shapiro-Wilk tests) and homogeneity of variance (Levene’s or Bartlett’s tests) were verified prior to ANOVA.
When significant interactions were detected (p <0.05), means were separated using Tukey’s honestly significant
difference (HSD) test at a=0.05. When the interaction was not significant, the main effects of drought and AsA
were analyzed independently. In graphical presentations, significant differences (p <0.05) for main effects are
denoted with separate lettering: uppercase letters for drought levels and lowercase letters for AsA treatments.
Multivariate analysis including hierarchical clustering with heatmap visualization was performed using Chiplot
(https://www.chiplot.online/), and principal component analysis (PCA) was conducted using Statgraphics
Centurion version 19.

Results

Ascorbic acid ameliorates drought-induced suppression of shoot and root biomass

The interaction between ascorbic acid (AsA) treatment and drought stress significantly influenced the leaf area
of H. perforatum plants (p<0.01; Table 2). Under full irrigation (FI), AsA application, particularly at 400 mg
L7}, significantly increased leaf area compared to the untreated control, with a maximum value of 123.12 mm®
(Fig. 1A). However, under moderate (75% FI) and severe (50% FI) deficit irrigation, the positive effect of AsA on
leaf area was attenuated, and no significant difference was observed between AsA-treated and untreated plants
at these stress levels.

Shoot length (SL) was significantly affected by drought stress (p<0.001) and its interaction with AsA
treatment (p <0.05). Severe drought stress (50% FI) caused a maximum reduction of 23.6% in SL in untreated
plants (Fig. 1B). In contrast, AsA application mitigated this reduction, as no significant differences in SL were
observed among AsA-treated plants (200 and 400 mg L") across different irrigation regimes.

A significant interaction between drought stress and AsA treatment was also observed for shoot fresh weight
(SFW) and shoot dry weight (SDW) (p <0.001 for both; Table 2). Both SFW and SDW exhibited a general decline
with increasing drought intensity (Fig. 1C, D). While severe deficit irrigation (50% FI) significantly reduced the
biomass of untreated plants and those treated with 200 mg L™" AsA, plants treated with 400 mg L™ AsA showed
remarkable resilience. Under severe deficit irrigation (50% FI), their SFW and SDW values were not significantly
different from those of well-watered control plants (FI, 0 mg L™ AsA), demonstrating a near-complete mitigation

Sources of variation
Traits | Drought (D) Ascordic acid (AsA) | DxAsA | Error
LA 2258.5%* 420.3™ 823.9** 196.8
SL 51.31** 4.60 " 14.05* 5.19
SFW 425.36** 10.82 "¢ 69.22** 11.11
SDW 16.98** 0.7" 8.17** 1.4
RL 4.86™ 0.18 " 1.95" 3.71
RV 489.05** 14.31 "™ 65.29 " 33.67
RFW 513.93** 5.52"1 8.30™ 4.48
RDW 7.86 ** 0.26 " 1.23* 0.39
ChIT 0.982* 0.043 " 1.602** 0.266
CXC 0.107** 0.004 "¢ 0.091** 0.008
FV/FM | 0.0049** 0.0003 "¢ 0.0012** | 0.0002
RWC 1280.38** 213.71* 47.86 " 51.96
TSC 10.52** 0.26™ 2.32m 1.11
PRO 408.07** 12.78 ™ 12.88 4.60
EL 1239.84** 53.34 ™ 11.75" 19.17
MDA 2.21% 1.81** 0.16 * 0.05
AsA 0.24** 0.25%* 0.01™ 0.01
TPC 7.73** 2.35** 0.42 " 0.28
DPPH | 147.09* 346.56** 68.41 "¢ 31.55
CAT 43138.1** 81295.8** 11669.2** | 2062.4
APX 0.0189** 0.0287** 0.0066** | 0.0008
SOD 7114.3** 2665.8** 2353.5%* | 394.0

Table 2. Mean squares from ANOVA for morphophysiological and biochemical characters of H. perforatum as
affected by drought stress (100% full Irrigation, 75% FI, 50%FI) and ascorbic acid (AsA). **: p<0.01; *: p <0.05;
ns: not significant. Leaf area (LA), shoot length (SL), shoot fresh weight (SFW), shoot dry weight (SDW), root
length (RL), root dry weight (RDW), root fresh weight (REW), root volume (RV), total chlorophyll (ChlT),
carotenoid (CXC), Fv/Fm index, relative water content (RWC), total soluble carbohydrate content (TSC),
proline (PRO), electrolyte leakage (EL), malondialdehyde (MDA), ascorbate (AsA), total phenolic content
(TPC), DPPH radical scavenging, catalase (CAT), ascorbate peroxidase (APX), and superoxide dismutase
(SOD).
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Fig. 1. Changes in leaf area, shoot length, and shoot fresh and dry weights of H. perforatum as affected by the
interaction of drought stress and ascorbic acid (AsA). FI: full irrigation; 75% FI: moderate deficit irrigation;
and 50% FI: severe deficit irrigation. The bars with at least one similar letter are not significantly different
(p<0.05) according to Tukey’s test.

of the drought-induced biomass reductionDrought stress significantly impaired root system development, with
severe deficit irrigation (50% FI) exerting the most pronounced negative effects on root fresh weight (RFW),
root volume (RV), and root dry weight (RDW) (p <0.001 for all parameters; Fig. 2B-D). The highest root volume
(33.66 cm®) was recorded under full irrigation conditions, while the most substantial reduction occurred under
severe drought stress with 200 mg L™ AsA treatment (14.83 cm?).

Notably, ascorbic acid application modulated root responses to water deficit in a concentration-dependent
manner. Under moderate deficit irrigation (75% FI), increasing AsA concentrations showed a positive trend
in RFW enhancement. A significant interaction between drought stress and AsA treatment was observed
specifically for RDW (p=0.030), indicating that the efficacy of AsA in maintaining root biomass was contingent
upon stress severity.

Root length (RL) exhibited particular sensitivity to AsA treatment. However, there were no significant
differences between RL of AsA-treated and untreated plants (Table 2 Fig. 2). These findings collectively
demonstrate that foliar AsA application, particularly at optimal concentrations, can partially mitigate the
inhibitory effects of drought stress on root system development in H. perforatum.

AsA application maintains leaf water status and photosynthetic pigments under drought
Drought stress significantly reduced photosynthetic pigment content, with total chlorophyll and carotenoid
concentrations showing pronounced decreases under 50% FI conditions (p <0.001; Table 2). The most severe
reductions occurred in untreated plants under 50% FI irrigation, with total chlorophyll declining by 31.2% and
carotenoids by 22.3% compared to well-watered controls (Fig. 3A, B).

Exogenous AsA application effectively mitigated these drought-induced reductions in photosynthetic
pigments. Plants treated with 400 mg L™* AsA maintained significantly higher chlorophyll and carotenoid levels
under severe drought stress compared to untreated stressed plants (Fig. 3A, B), demonstrating the protective role
of ascorbic acid in preserving photosynthetic apparatus integrity.

Drought stress significantly reduced RWC in a severity-dependent manner (p<0.001), while exogenous
AsA application partially mitigated this decline (p <0.05; Table 2). Severe deficit irrigation (50% FI) caused a
maximum RWC reduction of 28.2% in untreated plants (Fig. 4A). Although AsA treatment (200 mg L™") showed
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Fig. 2. Changes in root length, root volume, and root fresh and dry weights of H. perforatum as affected

by the interaction of drought stress and ascorbic acid (AsA). FI: full irrigation; 75% FI: moderate deficit
irrigation; and 50% FI: severe deficit irrigation. The bars with at least one similar letter are not significantly
different (p <0.05) according to Tukey’s test. When the interaction between drought and AsA treatment was
not significant (p > 0.05), the significant main effects were interpreted separately. In the corresponding figures,
different uppercase letters indicate significant differences among drought levels, and different lowercase letters
indicate significant differences between AsA treatments (Tukey’s HSD test, p <0.05).

limited protection under severe stress, the highest concentration (400 mg L™') demonstrated a clear trend toward
maintaining tissue hydration.

Foliar AsA preserves photosynthetic efficiency under water-deficit conditions

The maximum quantum efficiency of PSII (Fv/Fm ratio) was significantly affected by both drought stress
(p<0.001) and its interaction with AsA treatment (p <0.01; Table 2). Water deficit caused progressive reduction
in Fv/Fm values, indicating impaired photochemical efficiency. However, AsA pretreatment, particularly at
400 mg L™, significantly alleviated this decline (Fig. 3C). Under severe drought conditions, AsA-treated plants
maintained Fv/Fm values comparable to those of moderately stressed plants, while untreated plants showed the
most substantial photochemical impairment.

Ascorbic acid mitigates oxidative membrane damage caused by drought stress

Oxidative stress indicators revealed substantial membrane damage under drought conditions. EL increased
progressively with drought intensity, reaching 63% above control values in severely stressed untreated plants
(Fig. 4B). AsA application, particularly at 400 mg L™, reduced EL by approximately 5.71% compared to untreated
plants under severe drought, indicating enhanced membrane stability.

Lipid peroxidation, measured as MDA content, showed significant responses to both drought stress (p < 0.001)
and AsA treatment (p <0.001), with a notable interaction effect (p <0.05; Table 2). MDA accumulation began at
moderate stress levels (30% increase at 75% FI) and peaked under severe drought (Fig. 4C). Crucially, 400 mg L™
AsA treatment reduced MDA content by 28% compared to untreated plants under severe stress, demonstrating
significant protection against oxidative membrane damage.

AsA enhances osmotic adjustment through proline and sugar accumulation

Drought stress triggered substantial accumulation of osmolytes, with proline and soluble carbohydrates showing
distinct response patterns. Soluble carbohydrate content increased under drought stress primarily driven by
the severe (50% FI) treatment. While the 400 mg L' AsA-treated plants under severe drought maintained
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Fig. 3. Changes in total chlorophylls, total cartenoids, relative water content (RWC), and Fv/Fm index of H.
perforatum as affected by the interaction of drought stress and ascorbic acid (AsA). FI: full irrigation; 75% FI:
moderate deficit irrigation; and 50% FI: severe deficit irrigation. The bars with at least one similar letter are not
significantly different (p <0.05) according to Tukey’s test.

numerically higher carbohydrate levels than untreated plants, this difference was not statistically significant
(Fig. 4D). This coordinated accumulation of compatible solutes suggests that AsA enhances osmotic adjustment
capacity in drought-stressed plants.

Proline content exhibited the most dramatic increase, rising by 284% in untreated plants under severe
drought compared to well-watered controls (Fig. 4E). AsA application further enhanced this accumulation, with
400 mg L' treatment resulting in 30% increase over untreated plants under severe drought stress - the highest
observed concentration.

AsA treatment boosts the non-enzymatic antioxidant pool

Drought stress significantly enhanced the biosynthesis of protective compounds, with total phenolic content
(TPC) showing a substantial increase under water deficit conditions (p <0.001; Fig. 5A). The interaction between
drought intensity and AsA treatment revealed a complex response pattern, where moderate drought alone did
not significantly alter TPC, but severe drought (50% FI) triggered remarkable phenolic accumulation. Exogenous
AsA application at 200 and 400 mg L™" under severe drought stress further amplified this response, increasing
TPC by 54.22% and 68.07%, respectively, compared to untreated plants at 100% FI conditions.

The antioxidant capacity, as measured by DPPH radical scavenging activity, was significantly enhanced by
both drought stress (p <0.01) and AsA treatment (p <0.001; Table 2). Under severe deficit irrigation, AsA-treated
plants exhibited substantially higher antioxidant activity compared to untreated controls (Fig. 5B), indicating
that exogenous AsA application potentiated the plant’s innate antioxidant defense mechanisms under stress
conditions.

Endogenous AsA content was profoundly influenced by both exogenous AsA application and drought stress
(p<0.001; Table 2). Under optimal irrigation conditions (100% FI), foliar application of 200 and 400 mg L™
AsA significantly elevated endogenous AsA levels by 38% and 72%, respectively, compared to untreated controls
(Fig. 5C). This effect was particularly pronounced under drought stress, where AsA-treated plants maintained
2.3- to 2.8-fold higher endogenous AsA levels compared to untreated plants under severe water deficit. The
enhanced endogenous AsA pool in treated plants suggests improved capacity for ROS scavenging and redox
homeostasis maintenance under drought conditions.
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Fig. 4. Changes in electrolyte leakage (EL), malondialdehyde (MDA) contents, total soluble carbohydrate
content (TSC), and proline content of H. perforatum as affected by the interaction of drought stress and
ascorbic acid (AsA). FI: full irrigation; 75% FI: moderate deficit irrigation; and 50% FI: severe deficit irrigation.
The bars with at least one similar letter are not significantly different (p <0.05) according to Tukey’s test.

When the interaction between drought and AsA treatment was not significant (p>0.05), the significant main
effects were interpreted separately. In the corresponding figures, different uppercase letters indicate significant
differences among drought levels, and different lowercase letters indicate significant differences between AsA
treatments (Tukey’s HSD test, p <0.05).

Ascorbic acid primes the activity of key antioxidant enzymes

The activities of key antioxidant enzymes exhibited significant responses to both drought stress and AsA treatment
(p<0.001 for all enzymes; Table 2), with notable interaction effects indicating the synergistic enhancement of the
antioxidant system.

Under full irrigation conditions, exogenous AsA application markedly stimulated CAT activity, with 200 and
400 mg L™ treatments increasing enzyme activity by 124.1% and 282.6%, respectively, compared to untreated
controls (Fig. 5D). This priming effect persisted under drought stress, where plants treated with 400 mg L™* AsA
maintained CAT activity levels 38.62% higher than untreated plants under severe water deficit, demonstrating
the crucial role of AsA in enhancing H,O, detoxification capacity.

APX activity showed a progressive enhancement with increasing drought intensity (Fig. 5E). While
moderate stress (75% FI) alone did not significantly alter APX activity, the combination of severe drought
and AsA treatment revealed a remarkable synergistic effect. Under severe deficit irrigation, 200 and 400 mg
L™ AsA treatments increased APX activity by 64% and 135%, respectively, compared to untreated controls.
The maximum enhancement (224.7%) was observed in plants receiving 400 mg L™ AsA under severe drought
conditions compared to untreated plants at 100%FI, highlighting the crucial role of the ascorbate-glutathione
cycle in drought adaptation.

SOD activity exhibited a complex response pattern across treatment combinations (Fig. 5F). Under
severe deficit irrigation, both AsA concentrations (200 and 400 mg L") significantly enhanced SOD activity
by approximately 89% compared to untreated stressed plants. This enhanced SOD capacity, responsible for
superoxide radical dismutation, represents a first-line defense mechanism that works coordinately with the
H,0,-scavenging enzymes (CAT and APX) to provide comprehensive ROS protection under drought stress.
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Fig. 5. Changes in total phenolic content (TPC), DPPH radical scavenging (%), endogenous ascorbic

acid (AsA) contents, catalase (CAT), ascorbate peroxidase (APX), and superoxide dismutase (SOD) of H.
perforatum as affected by the interaction of drought stress and ascorbic acid (AsA). FI: full irrigation; 75%

FI: moderate deficit irrigation; and 50% FI: severe deficit irrigation. The bars with at least one similar letter
are not significantly different (p <0.05) according to Tukey’s test. When the interaction between drought and
AsA treatment was not significant (p>0.05), the significant main effects were interpreted separately. In the
corresponding figures, different uppercase letters indicate significant differences among drought levels, and
different lowercase letters indicate significant differences between AsA treatments (Tukey’s HSD test, p <0.05).

Multivariate analysis reveals a coordinated physiological response to AsA priming

Multivariate statistical approaches were employed to integrate the comprehensive dataset of morphological,
physiological, and biochemical parameters. Hierarchical clustering analysis revealed distinct grouping patterns
among the measured variables, forming two primary clusters (Fig. 6A). Cluster A comprised growth-related
parameters including root and shoot biomass traits (SFW, RFW, SDW, RDW)), leaf area (LA), root and shoot
length (SL, RL), root volume (RV), photosynthetic efficiency (Fv/Fm), and relative water content (RWC). Cluster
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Fig. 6. Heatmap and hierarchical clustering (A) of different physio-biochemical characteristics that
differentially expressed in AsA treated- and untreated-H. perforatum plants under drought stress to elucidate
the traits relationships across treatments. Principal component analysis (treatment-by-trait biplot) [B] of
different physio-biochemical characteristics of H. perforatum plants under drought stress conditions. The traits
are shoot length (SL), shoot fresh weight (SFW), shoot dry weight (SDW), root length (RL), root dry weight
(RDW), root fresh weight (RFW), root volume (RV), relative water content (RWC), Fv/Fm index, electrolyte
leakage (EL), catalase (CAT), ascorbate peroxidase (APX), superoxide dismutase (SOD), malondialdehyde
(MDA), total chlorophyll (ChlT), carotenoid (CXC), ascorbate (AsA), proline (Pro), total soluble carbohydrate
content (TSC), total phenolic content (TPC), DPPH radical scavenging. FI: full irrigation; 75% FI: moderate
deficit irrigation; and 50% FI: severe deficit irrigation. The color scale displays the intensity of mean values of
different characteristics: Blue and red boxes represent significant decrease and increase, respectively.

B contained stress-responsive biomarkers: proline, total soluble carbohydrates (TSC), electrolyte leakage (EL),
malondialdehyde (MDA), endogenous ascorbate (AsA), antioxidant enzyme activities (CAT, SOD, APX), and
total phenolic content (TPC).

The heatmap visualization demonstrated that drought stress consistently reduced the values of Cluster A
parameters while simultaneously elevating Cluster B biomarkers. Crucially, exogenous AsA application at 400 mg
L under drought conditions partially restored the expression pattern of Cluster A traits toward control levels
while modulating the stress response of Cluster B parameters. Specifically, AsA treatment reduced oxidative
stress markers (EL, MDA) while further enhancing the accumulation of protective compounds (proline, TSC,
TPC) and antioxidant enzymes.

Principal component analysis (PCA) further validated these patterns, with the first two principal components
accounting for 74.0% of total variance (PC1: 56.2%; PC2: 17.8%) (Fig. 6B). PC1 showed strong positive loadings
with growth parameters (SFW, SDW, RFW, RDW, LA, SL), photosynthetic pigments (ChlT, Cx+c), Fv/Fm,
and RWC, effectively representing a “growth and photosynthesis” axis. PC2 was positively associated with
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antioxidant defense components, including enzyme activities (CAT, SOD, APX), endogenous AsA, TPC, and
osmoprotectants (proline, TSC), representing a “stress response” axis.

The PCA biplot clearly separated treatment groups along these physiological axes. Well-watered plants
clustered in the positive PC1 region, while drought-stressed plants shifted toward negative PC1 values. Notably,
AsA-treated plants under drought stress occupied an intermediate position, with a clear tendency toward the
positive PC1 quadrant occupied by control plants. This distribution pattern demonstrates that AsA application
partially preserved growth and photosynthetic characteristics while simultaneously enhancing antioxidant
capacity under drought conditions.

Untreated plants under severe drought (50% FI) were strongly associated with oxidative stress indicators
(EL, MDA) in the negative PCl/positive PC2 quadrant. In contrast, AsA-treated plants under similar stress
conditions showed reduced association with stress markers and increased projection toward antioxidant defense
compounds and enzymes. This multivariate integration confirms that exogenous AsA fundamentally altered the
physiological response strategy to drought, enhancing tolerance mechanisms while mitigating damage pathways.

Discussion

The present study investigated the efficacy of foliar AsA application in mitigating the effects of moderate and
severe drought stress in H. perforatum. Our results demonstrate that exogenous AsA significantly influenced
the growth, physiological, and biochemical characteristics of H. perforatum under drought conditions, which
severely impaired plant growth otherwise. This finding aligns with and extends the documented role of AsA as a
safe and beneficial molecule for enhancing plant resilience!220:42-44,

Consistent with previous observations in St. John’s Wort*, severe deficit irrigation led to a significant
reduction in growth parameters, including shoot and root biomass and length. This growth inhibition
can be attributed to a combination of factors, including diminished photosynthetic pigment levels, osmotic
imbalance, cell dehydration, the generation of ROS, and impaired nutrient uptake!*>*®. However, application
of AsA ameliorated these effects, as treated plants exhibited greater biomass under drought stress compared to
untreated controls (Fig. 1). Furthermore, a concentration of 400 mg L™ AsA was more effective than 200 mg L™
in improving several growth traits (Figs. 1 and 2). These findings align with studies on sorghum?*, wheat*’, and
jute?’, supporting the role of AsA in alleviating drought stress. AsA is a crucial modulator of plant development,
vital for cellular expansion and elongation'>!6, stimulating cellular proliferation!?, and inducing the synthesis
of growth regulators like auxin'®. Therefore, our results suggest that exogenous AsA application can effectively
mitigate the detrimental impacts of drought on the growth and development of H. perforatum.

Osmotic adjustment is a key survival strategy under water stress, primarily mediated by the accumulation
of compatible solutes such as proline and soluble carbohydrates®*. In our study, elevated proline content was
observed as an adaptive response exclusively under severe drought stress (Fig. 4E), a result consistent with
other work on H. perforatum®*. Notably, drought-stressed plants treated with AsA accumulated even higher
levels of proline (Fig. 4E), corroborating findings in pepper'® and peach*’. Similarly, the combination of AsA
pretreatment and drought stress further increased soluble carbohydrate content (Fig. 4), echoing results from
studies on pepper'® and oat!!. The decline in RWC under severe stress (Fig. 4), consistent with the literature?*42,
was likely less severe in AsA-treated plants due to this enhanced osmotic adjustment. PCA and heatmap data
confirmed a strong positive correlation between total soluble carbohydrates, proline content, and AsA-treated
drought-stressed plants (Fig. 6). This leads to the conclusion that exogenous AsA enhances the accumulation of
osmolytes, thereby improving osmotic adjustment and helping maintain higher RWC under drought conditions.
This AsA-enhanced osmotic adjustment, evidenced by elevated proline and soluble carbohydrates, is crucial for
maintaining cellular turgor and hydration. By helping to sustain a favorable water potential gradient, it supports
continued cell expansion and stomatal function, thereby contributing to the observed preservation of leaf area
(Fig. 1A) and shoot growth (Fig. 1B) under drought.

Water deficit induces the generation of ROS, which disrupts cellular membranes and directly degrades
photosynthetic pigments and inhibits the Photosystem II (PSII) complex*’. This dual damage is evidenced in
our study by the concurrent decline in total chlorophyll (Fig. 3A) and the maximum quantum efficiency of PSII
(Fv/Fm; Fig. 3D) under severe drought. The application of exogenous AsA significantly mitigated the loss of
both chlorophyll content and Fv/Fm. This indicates that AsA’s antioxidant action protects the structural integrity
of thylakoid membranes and the PSII reaction centers, thereby helping to maintain the core photochemical
capacity essential for carbon assimilation and growth under stress.

Plants counteract cytotoxicROS by upregulating a complex antioxidant system comprisingboth non-enzymatic
and enzymatic components, such CAT, APX, SOD, AsA, carotenoids, and total phenolic compounds6’49. These
antioxidants are crucial for maintaining redox homeostasis for essential physiological processes®. In this study,
severe drought stress induced an increase in TPC, endogenous AsA, antioxidant capacity, and carotenoids. The
subsequent enhancement of these non-enzymatic antioxidants following exogenous AsA application highlights
their significant role in drought adaptation. Phenolic compounds, as secondary metabolites, employ multiple
mechanisms to alleviate stress. The higher TPC in AsA-treated, drought-stressed plants suggests a contribution
to drought tolerance, a finding supported by similar interactions in calendula®! and jute?’. This indicates a
significant synergy between TPC and AsA in sustaining cellular redox homeostasis.

AsA is renowned for its direct antioxidant role in ROS detoxification®>*. Our finding that endogenous AsA
content increased in response to exogenous application under stress is consistent with previous reports?®4.
Modulating endogenous AsA levels, through biosynthesis or recycling, is critical for abiotic stress tolerance™.
The recycling and regeneration of AsA via the Halliwell-Asada pathway (involving AsA and APX) is particularly
vital for maintaining redox homeostasis under stress, often more so than the size of the total ascorbate pool
itself>!. Furthermore, drought stress upregulates genes involved in AsA recycling, thereby enhancing drought
resistance!?.
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The activities of key antioxidant enzymes (APX, CAT, SOD) responded to drought in a manner dependent on
AsA treatment (Fig. 5). SOD activity increased in AsA-treated plants under severe stress compared to controls,
a response also documented in rapeseed and pepper under similar conditions”%, though contrasting results
exist!'!. The regulation of these enzymes is complex and directly influenced by ROS concentrations®. SOD, the
first enzyme in the ROS detoxification pathway, converts superoxide into hydrogen peroxide (H,O,), which
can itself inhibit SOD®°. Therefore, SOD’s efficiency depends on downstream enzymes like APX and CAT to
rapidly remove H,0,*. CAT is crucial for scavenging H,O,, though peroxidases like APX have a higher affinity
for it*”. In our research, exogenous AsA application under drought significantly enhanced the activities of both
CAT and APX. A similar pattern of increased CAT and/or peroxidase activities with AsA has been observed in
peach®?, pepper'8, and jute?®. The PCA and heatmap analysis further revealed a stronger positive correlation
among antioxidant enzymes in AsA-treated plants than in those subjected to drought alone, indicating that AsA
upregulates the enzymatic antioxidant system. This coordinated enhancement likely represents a fundamental
mechanism to combat oxidative stress and protect against ROS-induced damage.

The multivariate statistical analyses provide a holistic view that powerfully integrates these discrete
physiological and biochemical responses. The hierarchical clustering (Fig. 6A) distinctly separated ‘growth and
photosynthesis’ parameters (Cluster A) from ‘stress response and defense’ biomarkers (Cluster B). This visual
representation confirms that drought stress systematically suppressed Cluster A traits while activating Cluster
B. Crucially, the PCA biplot (Fig. 6B) reveals that AsA application fundamentally altered the drought response
trajectory. Untreated, drought-stressed plants were positioned in the quadrant associated with oxidative damage
(high EL, MDA). In contrast, AsA-treated plants under the same stress shifted towards a profile characterized by
enhanced antioxidant capacity (high CAT, APX, SOD, endogenous AsA) and elevated osmotic adjustment (high
proline, TSC). This shift correlates with their intermediate position along PC1 (‘growth and photosynthesis’),
closer to well-watered controls. Therefore, the PCA confirms that AsA does not merely suppress stress symptoms
but promotes a coordinated physiological strategy that balances the maintenance of core metabolic functions
with the potentiation of specific protective pathways.

Conclusions

This study demonstrates that foliar application of ascorbic acid (AsA) effectively enhances drought tolerance
in H. perforatum through multiple interconnected mechanisms. The optimal concentration of 400 mg L™ AsA
significantly mitigated drought-induced growth inhibition by preserving biomass accumulation and maintaining
photosynthetic function. The protective effects were primarily mediated through enhanced osmotic adjustment,
evidenced by increased proline and soluble carbohydrate accumulation, which contributed to improved water
status maintenance under drought conditions. Furthermore, AsA application orchestrated a comprehensive
enhancement of the antioxidant defense system, including both enzymatic components (CAT, APX, SOD) and
non-enzymatic antioxidants (endogenous AsA, phenolics), resulting in reduced oxidative damage markers (MDA
and electrolyte leakage). The multivariate analysis confirmed that AsA treatment shifted the plant’s response
strategy from stress damage toward stress adaptation by simultaneously maintaining growth parameters and
enhancing defense mechanisms. These findings suggest that exogenous AsA application represents a practical
and effective approach for improving drought tolerance in this valuable medicinal species, potentially through
priming of defense systems before stress occurrence. Future research should focus on elucidating the molecular
mechanisms underlying AsA-mediated priming effects and validating these findings under field conditions to
facilitate commercial application.

Data availability
The datasets generated and analyzed during the current study are available from the corresponding author (N.E.)
upon reasonable request.
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